Complexes of the type TpRu(L)(NCMe)R [L ) CO or PMe3; R ) Ph or Me; Tp ) hydridotris-(pyrazolyl)borate] initiate C-H activation of benzene. Kinetic studies, isotopic labeling, and other experimental evidence suggest that the mechanism of benzene C-H activation involves reversible dissociation of acetonitrile, reversible benzene coordination, and rate-determining C-H activation of coordinated benzene. TpRu(PMe3)(NCMe)Ph initiates C-D activation of C6D6 at rates that are approximately 2-3 times more rapid than that for TpRu(CO)(NCMe)Ph (depending on substrate concentration); however, the catalytic hydrophenylation of ethylene using TpRu(PMe 3)(NCMe)Ph is substantially less efficient than catalysis with TpRu(CO)(NCMe)Ph. For TpRu(PMe3)(NCMe)Ph, C-H activation of ethylene, to ultimately produce TpRu-(PMe3)(η 3 -C4H7), is found to kinetically compete with catalytic ethylene hydrophenylation. In THF solutions containing ethylene, TpRu(PMe3)(NCMe)Ph and TpRu(CO)(NCMe)Ph separately convert to TpRu(L)(η 3 -C4H7) (L ) PMe3 or CO, respectively) via initial Ru-mediated ethylene C-H activation. Heating mesitylene solutions of TpRu(L)(η 3 -C4H7) under ethylene pressure results in the catalytic production of butenes (i.e., ethylene hydrovinylation) and hexenes.
Introduction
Metal-mediated activation of carbon-hydrogen bonds is a key step in promising strategies for the functionalization of aliphatic and aromatic compounds. 1-9 Stoichiometric C-H activation reactions are now known for a diversity of transition metal systems, many of which operate at ambient conditions with high selectivity. Several mechanisms have been delineated for metal-mediated C-H activation including oxidative addition, σ-bond metathesis, electrophilic substitution, and 1,2-addition across metal-heteroatom bonds. 4, 10 While much is understood about metal-mediated activation of C-H bonds, incorporation into catalytic cycles for C-H functionalization remains a substantial challenge. 2, 5, 11 Catalytic Suzuki, Heck, Sonogashira, Stille, Negishi, and related reactions provide useful methods for C-C bond formation involving aromatic substrates. [12] [13] [14] [15] [16] [17] [18] However, such reactions require the incorporation of halide functionality into the aromatic substrate, which is often a low yield process that generates halogen-containing waste. Furthermore, with the exception of the Heck reaction, these catalytic cycles typically generate a stoichiometric quantity of metal-containing waste. In contrast, the direct addition of aromatic C-H bonds across olefin CdC bonds (i.e., olefin hydroarylation) provides an atom-economical † North Carolina State University. ‡ University of North Texas. § West Virginia University. method for the formation of C-C bonds with aromatic substrates (Scheme 1). In addition to potential utility for synthetic organic chemistry, catalytic hydroarylation of olefins via pathways that involve metal-mediated C-H activation offers the possibility of efficient routes for the production of commodity scale chemicals such as ethylbenzene, cumene, and long-chain alkylbenzenes, which are manufactured on a multibillion pound scale annually. 41 The traditional means of production of these substrates involves Friedel-Crafts catalysis and suffers from drawbacks including low catalytic turnovers, use of acid cocatalysts, lack of control over linear/branched ratios, polyalkylation, and inability to recycle the catalyst. 42 Although advancements in solid-state catalysts have enhanced some aspects of alkyl arene production, 43 the methods remain less than ideal. Transition-metalcatalyzed hydroarylation of olefins via metal-mediated C-H activation offers possible alternative routes for C-C bond formation; however, examples of catalysis with nonactivated olefins are rare. 5, [35] [36] [37] 39, [44] [45] [46] [47] Our group has been investigating the use of TpRu II [Tp ) hydridotris(pyrazolyl)borate] complexes as catalysts for the hydroarylation of olefins. [44] [45] [46] [48] [49] [50] [51] For example, TpRu(CO)-(NCMe)Ph (1) catalytically produces ethylbenzene from ethylene and benzene and is, to our knowledge, the most active catalyst for the hydrophenylation of ethylene that proceeds through a metal-mediated C-H activation pathway. 44, 45 Scheme 2 depicts a general catalytic cycle for olefin hydroarylation with common side reactions that can complicate catalysis. For example, irreversible -hydride elimination, irreversible C-H oxidative addition, C-H activation of substrates other than the aromatic (e.g., olefin), and multiple insertions of olefin leading to oligomerization or polymerization of olefin can compete with the desired catalysis. Thus, an efficient catalyst must rapidly activate aromatic but not olefin C-H bonds. Furthermore, the catalyst must provide kinetic access to insertion of a single equivalent of olefin without catalyzing olefin oligomerization/ polymerization. These demands result in a narrow window for successful catalyst development.
To develop improved catalysts for olefin hydroarylation rationally, it is necessary to understand the impact of catalyst features on various steps along and outside the catalytic cycle. Herein, we report on experimental and computational studies comparing the reactivity of TpRu(CO)(NCMe)Ph (1), our previously reported olefin hydroarylation catalyst, and TpRu-(PMe 3 )(NCMe)Ph (2), which bears the more strongly electrondonating and more sterically bulky PMe 3 ligand. Included are comparisons of (a) the relative rates of stoichiometric benzene C-H(D) activation, (b) the relative rates and pathways for ethylene C-H activation, (c) the efficacy for catalytic hydroarylation of olefins, and (d) catalytic hydrovinylation/oligomerization of ethylene. The results provide guidelines for the design of future catalysts.
Results

Stoichiometric Benzene C-H(D)
Activation by TpRu-(PMe 3 )(NCMe)R (R ) Me or Ph). We have previously reported that TpRu(CO)(NCMe)R (R ) Me or Ph) systems initiate stoichiometric C-H activation of aromatic substrates including benzene, furan, and thiophene, and mechanistic studies For both the stoichiometric C-H activation of benzene and the hydrophenylation of ethylene catalyzed by 1, the ratedetermining step (RDS) is likely the benzene C-H activation event. This assertion is based on the observation of primary intermolecular kinetic isotope effects with k H /k D ) 2.1(1) for catalytic hydroarylation reaction and k H /k D ) 2.5(5) for stoichiometric benzene activation by TpRu(CO)(NCMe)Me. 45 Thus, to increase the rate of catalytic olefin hydroarylation, it is necessary to decrease the activation barrier of metal-mediated aromatic C-H activation. Although this rationale may be overly simplistic, 55 the predicted oxidative character of the calculated transition state (i.e., calculated Ru-H contact; see above) suggests the possibility that increasing metal-based electron density might reduce the barrier to the aromatic C-H activation step. To begin to formulate an understanding of the impact of ancillary ligands on the energetics of benzene C-H activation, we have compared the rates of C 6 D 6 activation by TpRu(L)-(NCMe)R (R ) Me or Ph; L ) CO or PMe 3 ). The rate law for the proposed mechanism is depicted in Scheme 3. TpRu(PMe 3 )(NCMe)Me (3) is prepared upon reaction of TpRu(PMe 3 )(NCMe)OTf (OTf ) trifluoromethanesulfonate) with Me 2 Mg and is isolated in 60% yield. In addition to multinuclear NMR spectroscopy and elemental analysis, complex 3 has been characterized by a solid-state X-ray diffraction study ( Figure 1 ; Table 1 59 Heating 3 in C 6 D 6 in a sealed NMR tube produces 2-d 5 in quantitative yield and CH 3 D (1:1:1 triplet at ∼0.15 ppm in 1 H Because benzene C-H activation is suggested to involve acetonitrile dissociation by TpRu(L)(NCMe)R systems, the lability of the acetonitrile ligand of 2 was gauged through degenerate ligand exchange with NCCD 3 at 60°C by monitoring the disappearance of the resonance due to the acetonitrile ligand through 3 half-lives. Determination of k obs for the NCMe/NCCD 3 exchange from three separate experiments yielded an average pseudo-first-order k obs of 1.5(1) × 10 -4 s -1 (Figure 2 ), which is more rapid than the rate of benzene activation (see below). The rate of ligand exchange at 60°C between coordinated NCMe and free NCCD 3 is approximately 5 times more rapid for the PMe 3 complex 2 than for TpRu(CO)(NCMe)Ph (1) [k obs ) 3.2(2) × 10 -5 s -1 ] at 70°C.
In C 6 D 6 at 70°C, complex 2 reacts to produce C 6 H 5 D and 2-d 5 (eq 2). After 72 h, 1 H NMR spectroscopy reveals the absence of resonances due to the phenyl ligand, and 2 H NMR spectroscopy shows the emergence of two broad peaks at 7.25 and 7.10 ppm, nearly coincident with the reported chemical shifts of the protio-phenyl ligand of complex 2. 60 In addition, as previously reported, regioselective H/D exchange at the Tp-4 positions of the tris(pyrazolyl)borate ligand is observed. 60 The rate of C 6 D 6 activation by 2 as a function of free acetonitrile concentration was determined. Figure 3 shows a plot of k obs versus concentration of free acetonitrile. Each k obs in the plot (Figure 3 ) is an average of at least three independent experiments. The inverse dependence of k obs on concentration of NCMe is consistent with the proposed mechanism and the corresponding rate law (Scheme 3).
As additional verification that acetonitrile dissociation is involved in benzene activation, TpRu(PMe 3 )(CN t Bu)Ph (4) was independently synthesized by heating 2 in benzene with 3 equiv of tert-butyl isonitrile (CN t Bu) for 2 h. Complex 4 has been characterized by multinuclear NMR spectroscopy, elemental analysis, and a solid-state X-ray diffraction study of a single crystal (Figure 4 ; Table 1), the latter revealing a pseudooctahedral coordination sphere. The observed ν CN for 4 of 2031 cm -1 compared with the absorption for free isonitrile (2136 cm -1 ) reveals Ru-to-isonitrile dπ backbonding.
It is anticipated that the isonitrile ligand of 4 is more strongly coordinated than the acetonitrile ligand of 2. Consistent with this notion and the proposed involvement of the five-coordinate system {TpRu(PMe 3 )Ph} in the benzene C-H(D) activations, heating complex 4 in C 6 D 6 for 3 days at 60°C results in no observable change by 1 H NMR spectroscopy (eq 3).
Comparative Study of Benzene C-H Activation.
To directly compare the impact of ancillary ligand "L" on the overall rate of benzene C-H activation by TpRu(L)(NCMe)Ph (L ) CO or PMe 3 ), we studied the reaction of 1 and C 6 D 6 . In addition to the formation of TpRu(CO)(NCMe)Ph-d 5 (1-d 5 ) and C 6 H 5 D, the reaction of complex 1 and C 6 D 6 at elevated temperatures in the absence of added NCMe results in partial decomposition of 1 to uncharacterized products. However, the addition of free NCMe suppresses the decomposition and allows reproducible kinetics for the nearly quantitative conversion of 1 and C 6 D 6 to 1-d 5 and C 6 H 5 D. The rate of this reaction was determined by independent reactions with 1, 1.5, 2, 3, and 4 equiv of free NCMe with respect to complex 1 ( Figure 5 ). Each k obs in the plot ( Figure 5 ) is an average of at least three independent experiments. As with complex 2, the plot is consistent with the rate law in Scheme 3. Table 2 displays the ratio of k obs for C 6 D 6 activation by complexes 1 and 2 with variable concentration of free acetonitrile. The oVerall rate of benzene C-D activation by TpRu-(L)(NCMe)Ph is approximately 2-3 times more rapid for L ) PMe 3 than for L ) CO over the range of NCMe concentrations. The difference in rate of benzene C-H activation represents a relatively small overall difference in ∆G q (∆G q 's for the reactions cannot be calculated since rate constants, k obs , are a combination of multiple step rate constants and terms for the concentration of benzene and NCMe).
Catalytic Hydrophenylation of Ethylene. We have previously reported that complex 1 catalyzes the hydroarylation of olefins as depicted in Scheme 4. 44, 45 Using the mechanism in Scheme 4, the overall catalyst activity is determined by the rates of olefin coordination, olefin insertion into the Ru-aryl bond, aromatic coordination, and aromatic C-H activation. The latter step has been shown to be the likely RDS in both catalytic and stoichiometric benzene C-H activation by TpRu(L)(NCMe)R systems. 45 Above, we disclosed data consistent with an increase in the overall rate of benzene C-H activation upon substitution of the CO ligand with PMe 3 . Given that aromatic C-H activation is the proposed RDS in the catalytic hydrophenylation of ethylene, this suggests that TpRu(PMe 3 )(NCMe)Ph (2) might be a more active catalyst than TpRu(CO)(NCMe)Ph (1) for the hydroarylation of olefins.
Using complex 2 as catalyst (0.1 mol %), we explored the catalytic hydrophenylation of ethylene in benzene. Analysis of various reaction conditions ranging from 25 to 900 psi of ethylene and 60 to 180°C, maximum production of ethylbenzene was achieved at 800 psi of ethylene at 180°C (Table 3) . Under these conditions, 3.6 equiv of ethylbenzene and 2.5 equiv of styrene (based on 2) are observed after 12 h. For most reaction conditions, analysis of the catalyst mixture after heating revealed the near-quantitative production (by 1 H NMR spectroscopy) of the η 3 -allyl complex TpRu(PMe 3 )(η 3 -C 4 H 7 ) (5) (see below for characterization details of complex 5). Attempted catalysis with 1-hexene produced no alkylbenzene under variable conditions. Thus, the PMe 3 complex 2 is clearly a less efficient catalyst for the hydroarylation of olefins than is the CO complex 1.
Reaction of TpRu(L)(NCMe)Ph with Ethylene. Having observed the formation of the η 3 -allyl complex TpRu(PMe 3 )-(η 3 -C 4 H 7 ) (5) during attempted hydrophenylation of ethylene, we sought more details for the formation of 5. The reaction of 2 with ethylene (250 psi) in THF at 70°C produces 5 in ∼90% isolated yield (eq 4). Analyses of crude reaction mixtures by 1 H NMR spectroscopy suggest that 5 is formed quantitatively from 2 and ethylene under these conditions (note: lower Comparative Reactivity of TpRu(L)(NCMe)Ph A R T I C L E S ethylene pressure of 80 psi results in a slightly reduced yield of 5; see below). 1 H NMR spectroscopy reveals five unique resonances consistent with the formation of the η 3 -allyl ligand. Chart 1 displays coupling constants for the allyl protons, which were deduced using homonuclear decoupling experiments (see Experimental Section for more detailed information). A singlecrystal X-ray diffraction study produced a structure that confirms the atom connectivity of 5; however, the structure suffers from disorder likely due to the asymmetric nature of the allyl ligand.
Scheme 4. Catalytic Hydroarylation of Olefins (Benzene and Ethylene
Using high-pressure J-Young NMR tubes, the conversion of 2 and ethylene (80 psi) to 5 was monitored at 60°C in THF-d 8 . During the conversion, the disappearance of 2, the emergence and disappearance of three primary intermediates, 61 and the appearance of 5 were observed. The formation of 5 occurs with t 1/2 ∼ 41 h in approximately 90% yield. In contrast to higher pressures (i.e., 250 psi) of ethylene (see above), minor decomposition (∼10-15%) is observed during the reaction using 80 psi of ethylene. On the basis of 1 H NMR spectroscopy, the three primary intermediates are proposed to be TpRu(PMe 3 )-(η 2 -C 2 H 4 )Ph (6), TpRu(PMe 3 )(η 2 -C 2 H 4 )(η 1 -C 2 H 3 ) (7), and TpRu-(PMe 3 )(η 2 -C 2 H 4 )(CH 2 CH 2 CHdCH 2 ) (8) (Scheme 5). TpRu-(PMe 3 )(NCMe)(η 1 -C 2 H 3 ) (9), which has been independently prepared and isolated, is also observed in very small amounts. Complex 6 has been independently prepared and isolated, while complex 7 has been independently generated and observed by 1 H NMR spectroscopy but not isolated (see below and Experimental Section). The identity of 8 has not been confirmed by independent experiments and is indefinite (see below). Figure 6 depicts the concentration versus time plot for all species observed in the conversion of 2 and ethylene to 5 from a single experiment. Repetition of the kinetic analysis reveals similar plots (see Supporting Information).
Scheme 5 depicts a proposed pathway for the conversion of 2 and ethylene to the allyl complex 5. TpRu(PMe 3 )(η 2 -C 2 H 4 )-Ph (6) is the first observed intermediate with resonances due to the coordinated ethylene (multiplets) at 3.15 and 2.77 ppm (THF-d 8 ). Consistent with the assignment of this species, monitoring the conversion of TpRu(PMe 3 )(NCMe)(η 1 -C 2 H 3 ) (9) and ethylene to the allyl complex 5 proceeds via 7 and 8 and does not involve the formation of 6 (see below). In addition, complex 6 has been independently prepared and characterized; however, due to decomposition in the absence of ethylene, clean elemental analysis of 6 was not possible (see Experimental Section). Ethylene C-H activation from 6 forms free benzene and the unobserved species TpRu(PMe 3 )(η 1 -C 2 H 3 ). Coordination of ethylene to TpRu(PMe 3 )(η 1 -C 2 H 3 ) forms TpRu(PMe 3 )(η 2 -C 2 H 4 )(η 1 -C 2 H 3 ) (7). By 1 H NMR spectroscopy, the formation of 7 is accompanied by the production of free benzene. Complex 7 exhibits resonances at 8.19, 5.57, and 4.40 ppm, assigned to the vinyl ligand, and two multiplets at 2.85 and 2.44 ppm, (61) Two other intermediates in less than 5% total abundance ( 1 H NMR spectroscopy) are observed and are presumed to be in equilibrium with complex 8.
Chart 1. Coupling Constants for the η 3 -Allyl Ligand of TpRu(PMe3)(η 3 -C4H7) (5) Determined by Homonuclear Decoupling Experiments Figure 6 . Plot of concentration versus time for all species observed in the conversion of TpRu(PMe3)(NCMe)Ph (2) and ethylene to TpRu(PMe3)-(η 3 -allyl) (5) including complex 2 (black, squares), 5 (red, circles), TpRu-(PMe3)(η 2 -C2H4)Ph (6) (blue, triangles), TpRu(PMe3)(η 2 -C2H4)(η 1 -C2H3) (7) (green, diamonds), and TpRu(PMe3)(η 2 -C2H4)(CH2CH2CHdCH2) (8) (orange, squares). Data are from one experiment and were acquired at 60°C in THF-d8 under 80 psi of ethylene. Using kinetic simulation (using KINSIM/FITSIM software; see Supporting Information and Experimental Section) rate constants for the conversion of 2 to 5 were determined. The rate constant for the NCMe/ethylene ligand exchange [k obs ) 1.9(4) × 10 -4 s -1 ] from TpRu(PMe 3 )(NCMe)Ph (2) is statistically identical with the rate of NCMe/NCCD 3 exchange for 2 (k obs ) 1.5(1) × 10 -4 s -1 ) discussed above, which supports a dissociative pathway for both transformations. Assuming that ethylene coordination to TpRu(PMe 3 )(η 1 -C 2 H 3 ) is rapid, the rate of conversion of 6 to 7 provides the rate of Ru-mediated ethylene C-H activation, which is estimated to be k C2H4act ) 1.1(1) × 10 -4 s -1 . Ethylene insertion into the Ru-vinyl bond of 7 forms TpRu(PMe 3 )(CH 2 CH 2 CHdCH 2 ), which forms TpRu-(PMe 3 )(η 2 -ethylene)(CH 2 CH 2 CHdCH 2 ) (8) upon coordination of ethylene. Kinetic simulation suggests that ethylene insertion to form 8 occurs with k C2H4ins ) 5.9(6) × 10 -5 s -1 . The rate constant from kinetic simulation for ethylene insertion during the conversion of the vinyl complex TpRu(PMe 3 )(NCMe)(η 1 -C 2 H 3 ) (9) and ethylene to 5 provides a check of k C2H4ins determined from the conversion of 2 and ethylene to 5, and this value is 5.7(6) × 10 -5 s -1 (see below). Dissociation of ethylene from 8 and rearrangement of the butenyl ligand "CH 2 CH 2 CHdCH 2 " likely leads to the formation of the allyl complex 5.
The η 1 -vinyl complex TpRu(PMe 3 )(NCMe)(η 1 -C 2 H 3 ) (9) has been isolated in 66% yield upon reaction of TpRu(PMe 3 )-(NCMe)OTf and Mg(vinyl) 2 [diglyme] 1.5 and has been characterized by 1 H, 13 C, and 31 P NMR spectroscopy as well as highresolution mass spectrometry (eq 5). 1 H NMR spectroscopy of 9 shows 3 distinct downfield resonances (each ddd's) at 8.83 ppm (vinyl hydrogen R to Ru), 6.62 ppm ( vinyl hydrogen trans to Ru), and 5.68 ppm ( vinyl hydrogen cis to Ru). All vinyl resonances are coupled to the phosphorus of the PMe 3 ligand with 3.0, 1.7, and 1.1 Hz coupling constants, respectively. Relative to complex 9, the 1 H NMR spectrum of Mg(vinyl) 2 -[diglyme] 1.5 reveals resonances shifted upfield. Heating complex 9 at 70°C in C 6 D 6 produces 2-d 5 and C 2 H 3 D ( 1 H NMR spectroscopy) (eq 6). Additionally, reaction of 9 with HCl produces free C 2 H 4 ( 1 H NMR spectroscopy) and TpRu(PMe 3 )-(NCMe)Cl (10) (eq 7). To verify the identity of 10, this complex has been independently synthesized and characterized including a single-crystal solid-state X-ray
to produce the allyl complex 5, during the conversion of 9 and ethylene to 5, 1 H NMR spectroscopy shows the presence of TpRu(PMe 3 )(η 2 -C 2 H 4 )(η 1 -C 2 H 3 ) (7), and the rate of conversion of 7 to complex 8 (k C2H4ins ) 5.7(6) × 10 -5 s -1 ) from this experiment is consistent with the rate of the same reaction determined during the conversion of 2 and ethylene to complex 5 (see above).
Similar to 2, during catalytic hydrophenylation of ethylene using complex 1, at prolonged reaction times and high ethylene pressures, the allyl complex TpRu(CO)(η 3 -C 4 H 7 ) (11) is formed. At 250 psi of ethylene in THF at 70°C, complex 1 is converted to 11 in 98% isolated yield. Monitoring the conversion of 1 to 11 by 1 H NMR spectroscopy in THF-d 8 at 60°C at 80 psi of ethylene (Figure 7 ) reveals substantial differences from the conversion of the PMe 3 complex 2 and ethylene to 5. Com- Figure 7 . Plot of concentration versus time for all species observed in the conversion of TpRu(CO)(NCMe)Ph (1) and ethylene to TpRu(CO)(η 3 -allyl) (11) including complex 1 (black, squares), TpRu(CO)(η 2 -C2H4)(CH2CH2-Ph) (red, squares), ethylbenzene (blue, triangles), and complex 11 (green, circles). Data are from one experiment and were acquired at 60°C in THFd8 under 80 psi of ethylene.
Comparative Reactivity of TpRu(L)(NCMe)Ph A R T I C L E S parison of the rates of disappearance of TpRu(CO)(NCMe)Ph (1) and TpRu(PMe 3 )(NCMe)Ph (2) under ethylene pressure indicates that the rate of exchange of NCMe for C 2 H 4 by complex 2 [k obs ) 1.9(4) × 10 -4 s -1 ; see above] is approximately 30 times more rapid than that of complex 1 [k obs ) 6.1(2) × 10 -6 s -1 , taken from kinetic simulation of conversion of 1 to TpRu(CO)(η 2 -C 2 H 4 )(CH 2 CH 2 Ph), for which the RDS is likely dissociation of NCMe]. The reaction of TpRu(PMe 3 )-(NCMe)Ph (2) and ethylene initially produces TpRu(PMe 3 )-(η 2 -C 2 H 4 )Ph (6), which subsequently converts to TpRu(PMe 3 )-(η 2 -C 2 H 4 )(η 1 -C 2 H 3 ) and free benzene. In contrast, the reaction of TpRu(CO)(NCMe)Ph (1) and ethylene does not produce observable TpRu(CO)(η 2 -C 2 H 4 )Ph. Rather, the first observed species by 1 H NMR spectroscopy is assigned as TpRu(CO)-(η 2 -C 2 H 4 )(CH 2 CH 2 Ph). Consistent with this assignment, the reaction of previously reported TpRu(CO)(NCMe)(CH 2 CH 2 Ph) with ethylene (THF-d 8 ) at 60°C produces the same complex (followed by formation of the allyl complex 11). The production of ethylbenzene (observed by 1 H NMR spectroscopy and confirmed by GC/MS) occurs simultaneous with the conversion of TpRu(CO)(η 2 -C 2 H 4 )(CH 2 CH 2 Ph) to complex 11. No evidence for the formation of free benzene is obtained. The formation of TpRu(CO)(η 3 -C 4 H 7 ) (11) is quantitative with t 1/2 ∼ 34 h. These observations are consistent with relatively rapid insertion of ethylene into the Ru-Ph bond of TpRu(CO)(η 2 -C 2 H 4 )Ph to form TpRu(CO)(CH 2 CH 2 Ph), which coordinates ethylene to produce TpRu(CO)(η 2 -C 2 H 4 )(CH 2 CH 2 Ph). Carbon-hydrogen bond activation of coordinated ethylene produces ethylbenzene and an unobserved Ru-vinyl complex, which rapidly converts in the presence of ethylene to the allyl complex 11 (Scheme 6). Simulation of the kinetic data reveals that the rate of ethylene C-H activation by TpRu(CO)(η 2 -C 2 H 4 )(CH 2 CH 2 Ph) is k C2H4act ) 3.4(4) × 10 -5 s -1 [assuming that the RDS for the formation of 11 from TpRu(CO)(η 2 -C 2 H 4 )(CH 2 CH 2 Ph) is ethylene C-H activation]. In comparison, the rate of ethylene C-H activation by TpRu(PMe 3 )(η 2 -C 2 H 4 )Ph (6) is simulated to be k C2H4act ) 1.1(1) × 10 -4 s -1 , which is approximately 3 times more rapid than the CO system. Thus, the relative rates of olefin C-H activation are similar to the relative rates of overall benzene C-H(D) activation by TpRu(CO)(Ph)(benzene) and TpRu-(PMe 3 )(Ph)(benzene) systems with the PMe 3 system initiating C-H activation ∼3 times more rapidly than the CO complex (see Table 2 ). Catalytic Hydrovinylation of Ethylene. The catalytic hydrovinylation of ethylene using allyl complex 5 was studied under variable conditions. Complex 5 was placed under ethylene pressure in mesitylene and heated to 180°C, and aliquots were withdrawn for GC/MS analysis, which revealed mixtures of 1-butene, cis-butene, trans-butene, and various isomers of hexene (Table 4 ). The three butene isomers were partially resolved (but not fully separated) by GC-MS, and the approximate molar ratio of 1-butene, cis-butene, and trans-butene was 1:1:1, which is only marginally variable with reaction condition. Isomers of hexene were not separated by GC-MS. The CO allyl complex TpRu(CO)(η 3 -C 4 H 7 ) (11) also catalyzes ethylene hydrovinylation and oligomerization. Consistent with the more rapid rate of ethylene insertion for CO versus PMe 3 systems (see below), the CO allyl complex 11 results in the predominant formation of hexenes (relative to butenes). Periana et al. have reported catalytic hydrovinylation of olefins by closely related Ir(III) systems. 62, 63 Computational Studies: Comparison of Overall Catalytic Cycle for Hydrophenylation of Ethylene. We have used computational studies to probe four transformations: (1) catalytic hydrophenylation of ethylene by TpRu(L)(NCMe)Ph; (2) benzene C-H activation by TpRu(L)(NCMe)Ph; (3) ethylene insertion from TpRu(L)(η 2 -C 2 H 4 )Ph; (4) ethylene C-H activation from TpRu(L)(η 2 -C 2 H 4 )Ph. The energetics of the steps anticipated to be involved in the catalytic hydrophenylation of ethylene were calculated for both TpRu(L)(NCMe)Ph (L ) CO or PMe 3 ) systems including transition states for ethylene insertion into the Ru-Ph bond and benzene C-H activation (Scheme 7). For each coligand, the highest energy species is calculated to be the transition state for benzene C-H activation starting from TpRu(L)(η 2 -benzene)(CH 2 CH 2 Ph). From the starting complex TpRu(L)(NCMe)Ph, the overall reaction barrier is calculated to be 30.9 kcal/mol for L ) CO, while the activation barrier is calculated to be higher at 40.1 kcal/mol for L ) PMe 3 . Thus, the calculations indicate that the benzene C-H activation event by the phenethyl complex is the rate-determining step for both CO and PMe 3 coligands. This result is consistent with the observation of intermolecular kinetic isotope effects for the catalytic hydrophenylation of ethylene by TpRu-(CO)(NCMe)Ph. 45 In view of the more similar calculated C-H activation barriers for the less hindered TpRu(L)(benzene)Ph systems discussed in the following section, we propose that the larger difference in ∆G q for benzene C-H activation by TpRu-(L)(benzene)(CH 2 CH 2 Ph) systems is due primarily to steric hindrance between the CH 2 CH 2 Ph ligand and PMe 3 (see below for a discussion on the possible influence of sterics on C-H activation).
Computational Studies: Comparison of Benzene C-H Activation. Benzene C-H activation by TpRu(L)Ph is a degenerate reaction and thus provides an opportunity to assess the intrinsic kinetic influence of L ) PMe 3 versus L ) CO. The first step in the proposed pathway for benzene activation is the loss of acetonitrile from 18-electron TpRu(L)(NCMe)-Ph. This reaction is calculated to be endergonic by 15.8 kcal/ mol for L ) PMe 3 . This is more favorable than acetonitrile loss for L ) CO, which is endergonic by 17.3 kcal/mol (Scheme 8). Although the calculated energetics for nitrile loss are groundstate values, the trend is consistent with the dissociative ligand exchange of NCMe (with NCCD 3 or ethylene) of the PMe 3 complex 2 being more rapid than for the CO complex 1 (see above). The strongly π-acidic CO may increase the Lewis acidity of TpRu(CO)R relative to the more electron-rich TpRu-(PMe 3 )R systems and, hence, render dissociation of the Lewis base NCMe less facile from 1.
Acetonitrile loss is followed by benzene coordination to the 16-electron intermediates TpRu(L)Ph. While benzene ligation is calculated to be mildly exothermic (∆H is calculated to be negative), the introduction of an unfavorable entropy term makes the binding of benzene endergonic (∆G is calculated to be Comparative Reactivity of TpRu(L)(NCMe)Ph A R T I C L E S positive) by +10.2 kcal/mol for L ) PMe 3 and +7.9 kcal/mol for L ) CO (Scheme 8). An interesting dichotomy in structure is seen for the calculated benzene adducts; while the carbonyl complex is an η 2 -CdC adduct, the trimethylphosphine complex is an agostic η 2 -C-H adduct (Figure 8 ). This may reflect a steric inhibition against η 2 -CdC coordination of benzene to the TpRu-(PMe 3 )Ph fragment, thus explaining the less favorable binding of benzene to TpRu(PMe 3 )Ph versus TpRu(CO)Ph. To compare steric versus electronic effects for benzene coordination and C-H activation, we calculated the energetics of these transformations for TpRu(CtNH)(NCMe)Ph. It is anticipated that the isonitrile complex will sterically resemble TpRu(CO)(NCMe)Ph (1) but will be more similar electronically to TpRu(PMe 3 )(NCMe)Ph (2) due to the strong σ-donor nature of the isonitrile ligand. Consistent with the hypothesis that the η 2 -C-H coordination mode of TpRu(PMe 3 )(benzene)Ph results from steric influence of the phosphine ligand, the benzene ligand of TpRu(CtNH)(benzene)Ph is calculated to be coordinated η 2 -CdC and is thus akin to the carbonyl congener.
For L ) PMe 3 , the calculated benzene C-H activation barrier is 17.1 kcal/mol (relative to the benzene adduct). Replacing the PMe 3 ligand with carbon monoxide is calculated to lower the activation barrier by 1.6 kcal/mol to 15.5 kcal/mol (Scheme 8). Consistent with the small difference in calculated ∆G q 's, there is little difference in the calculated transition state geometries for benzene C-H activation by TpRu(L)Ph as a function of L as is evident from Figure 9 . For the overall C-H activation of benzene starting from TpRu(L)(NCMe)Ph complexes, the calculations reveal that the ∆G q for L ) CO (40.7 kcal/mol) is lower than PMe 3 (43.1 kcal/mol) with ∆∆G q ) 2.4 kcal/mol.
The calculated energetics of benzene C-H activation for the parent isonitrile system relative to the CO and PMe 3 systems are revealing (Scheme 8). Relative to the benzene adduct TpRu-(CtNH)(η 2 -benzene)Ph, the calculated activation barrier for benzene C-H activation is 15.0 kcal/mol, which is lower than either the CO (15.5 kcal/mol) and PMe 3 (17.1 kcal/mol) systems. Likewise, the calculated overall barrier for starting from TpRu-(CtNH)(NCMe)Ph (39.9 kcal/mol) is lower than the barriers calculated for the CO (40.7 kcal/mol) and PMe 3 (43.1 kcal/ mol) complexes. These results suggest that the electronic influence of ligand "L" of TpRu(L) systems on the activation barriers of benzene C-H activation is relatively small, with more electron-donating ligands slightly reducing the free energy of activation (compare CO versus CtNH systems); however, steric influence (vis-à-vis the PMe 3 system) can have as substantial an influence on the energetics as electronic factors. Given the proposed role of sterics for C-H activation, the larger difference in calculated ∆G q 's for benzene C-H activation by the phenethyl complexes TpRu(L)(benzene)(CH 2 CH 2 Ph) (L ) CO, PMe 3 ; ∆∆G q ) 6.5 kcal/mol, see Scheme 7) compared with benzene C-H activation by TpRu(L)(benzene)Ph likely reflects the increased steric impact due to the sp 3 -methylene group of the phenethyl ligand in place of the planar phenyl ring.
To confirm the proposed role of steric influence of "L" on benzene C-H activation, we have calculated the energetics for TpRu(PEt 3 )(NCMe)Ph, which is electronically similar to 2 but sterically more imposing (Scheme 8). Consistent with the proposed impact of the steric profile of ancillary ligand "L", benzene C-H activation by TpRu(PEt 3 )(NCMe)Ph is calculated to have a higher energy barrier than for the analogous PMe 3 system. From the benzene adduct TpRu(L)(benzene)Ph, the ∆G q for benzene C-H activation is 19.4 kcal/mol for L ) PEt 3 compared to 17.1 kcal/mol for L ) PMe 3 . Likewise, the overall activation barrier for benzene C-H activation starting from TpRu(PEt 3 )(NCMe)Ph (calculated ∆G q ) 45.3 kcal/mol) is more substantial than the calculated overall barrier starting from TpRu(PMe 3 )(NCMe)Ph (calculated ∆G q ) 43.1 kcal/mol).
Computational Studies: Comparison of Ethylene C-H Activation and Ethylene Insertion. The reaction coordinates for C-H activation of ethylene by TpRu(L)(η 2 -C 2 H 4 )Ph were calculated for both L ) CO and L ) PMe 3 (Scheme 9). Unlike the benzene substrate, ethylene binds favorably to the 16-electron TpRu(L)(Ph) intermediate. For L ) PMe 3 , the calculated ethylene binding free energy (∆G bind ) is -4.1 kcal/mol. Similar to the impact of CO/PMe 3 substitution on relative affinities for NCMe coordination to TpRu(L)Ph, replacing PMe 3 with CO results in an enhancement in C 2 H 4 binding with ∆G bind ) -7.9 kcal/mol. Calculated activation barriers for ethylene C-H activation relative to the η 2 -ethylene adducts, ∆G q act ) 27.0 kcal/mol (L ) PMe 3 ) and 26.4 kcal/mol (L ) CO), are high compared to benzene C-H activation, which are 17.1 and 15.5 kcal/mol, respectively. Given the commensurate carbonhydrogen BDEs for benzene (∼113 kcal/mol 64 ) and ethylene (∼111 kcal/mol 64 ), the greater C-H activation barriers for the latter partially reflect the greater thermodynamic stability of the TpRu(L)(η 2 -C 2 H 4 )Ph precursor versus the corresponding benzene adducts. Of course, one must consider the different driving forces for C-H bond scission for each spectator ligand. As expected from the Hammond postulate, there is a correlation between a higher kinetic barrier and lower thermodynamic driving force. Calculated reaction free energies {TpRu(L)(η 2 -C 2 H 4 )Ph to TpRu(L)(η 1 -C 2 H 3 )(η 2 -C 6 H 6 )} are ∆G rxn ) +14.8 kcal/mol (L ) PMe 3 ), +12.4 kcal/mol (L ) CO) (Scheme 9), while analogous reactions for benzene C-H activation are, of course, thermoneutral.
In the active site of the ethylene C-H activation transition states there are structural distinctions that hint at differences engendered by the disparate electronic and steric demands of CO versus PMe 3 (Figure 10) . A comparison of the calculated geometries, Figure 10 , shows little difference in the Ru···C distances of the four-center transition states but a more noticeable shift in the position of the activated hydrogen: C vy ···H ) 1.55 Å (CO), 1.62 Å (PMe 3 ); Ru···H ) 1.67 Å (CO), 1.62 Å (PMe 3 ). Perhaps the most intriguing difference in the transition state geometries is the observation that the PMe 3 complex has a distinctly nonplanar geometry active site with τ(C vy ···H··· C Ph ···Ru) ) 16°versus 5°for L ) CO complex. This is unusual for four-centered, C-H bond activation transition states and potentially suggests greater steric pressure for the PMe 3 ancillary ligand versus CO. From thermodynamic and kinetic considerations, the calculations imply a slightly more potent ethylene C-H activation system for TpRu(CO)(Ph) than TpRu(PMe 3 )-(Ph), although the calculated magnitude of ∆∆G q (∼1 kcal/ mol) is small.
Calculations on the reactions of ethylene and TpRu(L)Ph indicate kinetic and thermodynamic advantages for CdC insertion versus ethylene C-H bond activation. This is not surprising given the former involves the investment of a CdC π-bond (energy ∼65 kcal/mol 65,66 ) while the latter requires Comparative Reactivity of TpRu(L)(NCMe)Ph A R T I C L E S scission of a strong, vinylic C-H bond (BDE ∼111 kcal/mol 64 ). What is more interesting are the calculated differences in the selectivity between these pathways engendered by alteration of the spectator ligand from L ) PMe 3 to L ) CO. Ethylene insertion by the PMe 3 complex is calculated to be exergonic by 3.1 kcal/mol relative to the ethylene adduct, while ethylene insertion for the CO complex is calculated to be exergonic by 5.6 kcal/mol (Scheme 9). There is a substantial difference in the calculated ∆G q 's for ethylene insertion into the Ru-Ph bond of TpRu(L)(η 2 -C 2 H 4 )Ph, which are 17.8 kcal/mol (L ) CO) and 23.9 kcal/mol (L ) PMe 3 ). Thus, from TpRu(L)(η 2 -C 2 H 4 )-Ph systems, the calculated ∆∆G q for ethylene insertion for L ) CO vs PMe 3 is 6.1 kcal/mol while the calculated ∆∆G q for ethylene C-H activation (0.6 kcal/mol) and benzene C-H activation [1.6 kcal/mol; from TpRu(L)(benzene)Ph] are substantially smaller (Schemes 8 and 9). Thus, for TpRu(L)Ph systems, the calculations suggest that substitution of PMe 3 for CO has a more dramatic impact on the rate of ethylene insertion than either ethylene or benzene C-H actiVation steps.
Discussion
Previous experimental and computational studies of catalytic olefin hydroarylation by TpRu(CO)(NCMe)R complexes have indicated that the RDS for the catalytic cycle is the aromatic C-H activation step. 45 Calculations suggest that the transition state for the aromatic C-H activation may possess "oxidative" character and might be aided by the interaction between Ru and the hydrogen atom being activated. 45, 54 Formal substitution of CO with PMe 3 provides TpRu(PMe 3 )(NCMe)R complexes, which were anticipated to exhibit increased electron density relative to TpRu(CO)(NCMe)R systems. Consistent with the expected increase in Ru-based electron density upon formal substitution of CO with PMe 3 , cyclic voltammetry reveals that the Ru(III/II) redox potentials for the PMe 3 phenyl and methyl complexes 2 and 3, respectively, are 0.30 and 0.10 V (versus NHE), respectively, while the corresponding potentials for TpRu(CO)(NCMe)Ph and TpRu(CO)(NCMe)Me are 1.03 and 0.95 V. 44 Reactions of TpRu(L)(NCMe)Ph (L ) CO or PMe 3 ) with C 6 D 6 reveal that overall benzene C-H(D) activation is approximately 2-3 times more rapid (depending on concentration of NCMe; see Table 2 ) when L ) PMe 3 ; however, calculations suggest that the ∆G q for benzene C-H activation from TpRu-(L)(benzene)Ph is actually lower for L ) CO than L ) PMe 3 , a prediction that is counter to experimental observations. However, both experimental results and calculations suggest that the difference in Gibbs free energy for benzene C-H activation by TpRu(L)(NCMe)Ph systems upon formal substitution of CO with PMe 3 is small. In addition, the calculated energetics are for gas-phase reactions. Perhaps more important than a precise match of experimental and computational results where the experimental difference in Gibbs free energy for the two reactions is likely <1 kcal/mol is that while CO/PMe 3 substitution influences the overall rate of benzene activation by TpRu-(L)(benzene)Ph, the impact is relatively minor with <1 kcal/ mol difference from experiment and only 2.4 kcal/mol difference (overall reaction) from calculations.
Despite the increased facility of benzene C-H activation, the PMe 3 complex 2 is a much poorer catalyst for the hydrophenylation of olefins than complex 1. For example, at 90°C and 25 psi of ethylene, 1 catalyzes the formation of ethylbenzene with approximately 50 turnovers after 4 h. In contrast, optimal results for 2 yield only 3.6 turnovers of ethylbenzene production at 180°C and 800 psi of ethylene in 12 h. Furthermore, while 1 catalyzes the hydrophenylation of R-olefins (e.g., 1-hexene), 2 shows no activity for the hydrophenylation of these substrates. Closer scrutiny of the catalytic reactions using 2 reveals complications. Complex 2 reacts with ethylene to initiate olefin C-H activation to produce free benzene and a Ru-vinyl system, which converts to the η 3 -allyl complex 5 in the presence of excess ethylene (Scheme 5). Likewise, the CO complex 1 reacts with ethylene to produce the η 3 -allyl complex 11; however, in contrast to the pathway for the formation of the PMe 3 allyl complex 11, the reaction of 1 with ethylene (in the absence of benzene) proceeds via ethylene coordination and relatiVely rapid olefin insertion, which is followed by ethylene C-H activation to produce free ethylbenzene and, ultimately, the η 3 -allyl complex 11 (Scheme 6). Calculations are consistent with the more rapid insertion of ethylene into the Ru-Ph bond of TpRu(CO)(η 2 -C 2 H 4 )Ph versus ethylene C-H activation with a calculated ∆G q of 17.8 kcal/ mol for ethylene insertion and a calculated ∆G q of 26.4 kcal/ mol (∆∆G q ) 8.6 kcal/mol) for ethylene C-H activation. In contrast, the calculated ∆G q values for TpRu(PMe 3 )(η 2 -C 2 H 4 )-Ph suggest that the rates of ethylene insertion (calculated ∆G q of 23.9 kcal/mol) and ethylene C-H activation (calculated ∆G q of 27.0 kcal/mol; ∆∆G q ) 3.1 kcal/mol) are likely to be more similar than for the CO system. The relative impact of CO/ PMe 3 replacement on activation barriers to C-H activation from TpRu(L)(benzene)Ph or TpRu(L)(η 2 -C 2 H 4 )Ph is minor with calculated ∆∆G q 's of 1.6 and 0.6 kcal/mol, respectively (see Schemes 7 and 8); however, the impact on ethylene insertion is calculated to be more substantial (Table 5) . And, while the PMe 3 complex TpRu(PMe 3 )(NCMe)Ph (2) might be a more active catalyst for the hydrophenylation of ethylene, we propose that competitive C-H activation of ethylene (in competition with ethylene insertion) results in relatively rapid removal of the active catalyst via formation of the ally complex 5 (Scheme 10).
In addition to the decreased rate of ethylene insertion and, hence, increased predilection toward ethylene C-H activation for the TpRu(PMe 3 ) system, the DFT calculations reveal an important steric influence on activation barriers for C-H activation. For C-H activation of benzene by TpRu(L)-(benzene)Ph (L ) CO, PMe 3 , or CtNH), the DFT calculations suggest that the steric profile of ligand "L" is not inconsequential relative to electronic influence. Thus, although the more electron-rich isonitrile system is calculated to have a lower activation barrier than the CO system, the PMe 3 system, which is a more sterically encumbered system, is calculated to have an activation barrier that is greater than the CO complex. For the calculated energetics for benzene C-H activation by TpRu-(L)(benzene)(CH 2 CH 2 Ph) (L ) CO or PMe 3 ), the sp 3 nature of the alkyl ligand (relative to planar sp 2 for phenyl) potentially exacerbates the steric influence of "L." Hence, the calculated ∆∆G q for benzene C-H activation by TpRu(L)(benzene)Ph (L ) CO or PMe 3 ) is 1.6 kcal/mol, but the ∆∆G q for benzene C-H activation by TpRu(L)(benzene)(CH 2 CH 2 Ph) (L ) CO or PMe 3 ) is more substantial at 6.5 kcal/mol.
Conclusions
It has been previously predicted from computational studies that an inverse impact on rates of C-H activation and olefin insertion upon increasing metal electron density for TpRu(L)R systems likely places an upper limit on catalyst activity. 39 The reported results are consistent with this notion with the impact of substitution of "L" having a substantial impact on the rate of olefin insertion. Therefore, in the absence of substantial changes in the ligand framework or metal identity/oxidation state, the most important considerations for increasing catalyst efficacy are maintaining a relatively rapid rate of olefin insertion, while controlling regioselectivity, with little impact on the activation barriers to C-H activation relative to TpRu(CO)R systems. Increasing catalyst longevity may also be achieved by moving toward systems that do not possess the CO coligand, which can promote catalyst decomposition via the formation of CO-bridged multinuclear complexes. Such catalysts would incorporate ligands with overall donor ability similar to CO [e.g., PF 3 or P(N-pyrrolyl) 3 ] or combine an overall cationic metal system with more strongly donating ancillary ligands. Comparative Reactivity of TpRu(L)(NCMe)Ph
A R T I C L E S Experimental Section
General Methods. Unless otherwise noted, all synthetic procedures were performed under anaerobic conditions in a nitrogen-filled glovebox or by using standard Schlenk techniques. Glovebox purity was maintained by periodic nitrogen purges and was monitored by an oxygen analyzer [O2(g) < 15 ppm for all reactions]. Benzene, tetrahydrofuran, and diethyl ether (stored over 4 Å molecular sieves) were dried by distillation from sodium/benzophenone. Pentane was distilled over sodium. Acetonitrile and methanol were dried by distillation from CaH2. Hexanes, toluene (stored over 4 Å molecular sieves), and methylene chloride were purified by passage through a column of activated alumina. Acetone-d 6, benzene-d6, acetonitrile-d3, and chloroform-d1 were degassed with three freeze-pump-thaw cycles and stored under an N2 atmosphere over 4 Å molecular sieves. IR spectra were acquired using a Mattson Genesis II FT-IR as thin films on a NaCl plate. Gas chromatography was performed on a Hewlett-Packard 5890 GC using a J&W DB-1701 capillary column (30 m × 0.25 mm with 0.25 µm film thickness) and a FID detector. GC-MS was performed using a HP GCD EI system with a 30 m × 0.25 mm HP-5 column with 0.25 mm film thickness. Electron ionizing (EI) mass spectrometry was carried out using a JEOL (Tokyo, Japan) HX110HF high-resolution mass spectrometer at the North Carolina State University Mass Spectrometry Laboratory using perfluorokerosene ions as a reference standard. Ethylene (99.5%) was received in a gas cylinder from MWSC High-Purity Gases and used as received. All other reagents were used as purchased from commercial sources. The preparation, isolation, and characterization of TpRu(CO)(NCMe)Me, 44 TpRu(PMe3)(NCMe)OTf. Complex 2 (0.260 g, 0.511 mmol) was added to benzene (35 mL) followed by the addition of triflic acid (47.6 µL, 0.54 mmol) and stirred for 1 h at room temperature. Any excess triflic acid was quenched with triethylamine. Volatiles were removed in vacuo, the dried solid was dissolved in minimal toluene, and a light yellow solid was precipitated upon addition of approximately 40 mL of hexanes. The precipitate was collected on a fine-porosity frit and dried in vacuo (0.289 g, 0.497 mmol, 97% TpRu(PMe3)(NCMe)Me (3). TpRu(PMe3)(NCMe)OTf (0.289 g, 0.497 mmol) was added to benzene (40 mL) to form a heterogeneous yellow mixture. After addition of Me2Mg[THF]2 (0.099 g, 0.50 mmol), the reaction was stirred for 1 h at room temperature. The yellow heterogeneous mixture was filtered through Celite on a fine-porosity frit. The yellow filtrate was reduced under vacuum, and a solid was precipitated upon addition of hexanes. The light yellow solid was collected over a medium-porosity frit and dried in vacuo (0.148 g, 0.332 mmol, 67%). 1 19 mmol) and tert-butyl isocyanide (64 µL, 0.60 mmol) were added to benzene (15 mL), and the solution was heated to reflux for 2 h with stirring. The volatiles were removed in vacuo, the solid was dissolved in minimal toluene, and a white solid was precipitated upon addition of approximately 40 mL of hexanes. The precipitate was collected on a fineporosity frit and dried in vacuo (0.077 g, 0.14 mmol, 75%). IR (thin film on NaCl plate): νCN ) 2031 cm -1 , νBH ) 2478 cm TpRu(PMe3)(η 3 -C4H7) (5). Complex 2 (0.096 g, 0.19 mmol) was dissolved in THF (10 mL), and the solution was sealed in a 15 mL pressure reactor, purged with C2H4, pressurized to 250 psi with C2H4, and heated to 70°C for 24 h. The reaction mixture was filtered, and the filtrate was dried in vacuo (0.077 g, 0.17 mmol, 92% secured rubber septum, degassed, and backfilled with ethylene. While being stirred, the mixture was irradiated using a 450 W power supply (model no. l7830, Ace Glass, Inc.) equipped with a water-cooled 450 W 5 in. arc IMMER UV-vis lamp (model no. 7825-34, Ace Glass, Inc.) for a total of 24 h until 75% of starting material had converted to 6. Solvent was reduced, hexanes were added, and a white precipitate was collected on a fine-porosity frit and dried in vacuo (0.060 g, 0.12 mmol, 35%). In various solvents, complex 6 slowly decomposes releasing free ethylene and forming unidentified product(s) preventing full characterization (e.g., clean elemental analysis is not feasible Sabapathy Sankar (NCSU) for assistance with advanced NMR techniques.
Supporting Information Available: Details of kinetic simulations, sample kinetic plots, X-ray structural analyses of complexes 3, 4, and 10, and complete reference 71. This material is available free of charge via the Internet at http://pubs.acs.org.
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